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Figure 1. Map
stations userd

Figures

showing Colorado Plateau with weather and stream gaging
in this study.

Figure 2. AVerage daily precipitation at two typical southern Colorado
plateaui weather stations, 1909-L985, smoothed to remove variations of ( 2l--
days dufatiorir. A) Fort Valley, and B) l.,Iinslow, Arizona. Arrows indicate
rainfalil. seaaon.

Figure 3. Aiterage dally precipitation at Fort Valley, Arizona snoothed to
remove [arialuions of ( l4-days duration. A) L909-1942, and B) 1943-1975.
Arrorrs lindieate relnfall season, which is about 30 percent shorter in the
latter period

I
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Figure h. A]verage daily precipitation at Kanab, Utah snoothed to remove
variatibns oE < 1-4-days duration. A) 191-4-l-942, and B) 1943-L971. Arrows
indicat]e raihfall- season, which is about 35 percent shorter in the latter
period.l

I

Flgrrre B. Airnual runoff cycle of the Paria River, L949-L976, showing
biseasof,ral rimoff and the relation between runoff and sediment load. Solid
line isl the hedian; d.ashed line is the 75th percentile. A) Average daily
discharlge, a[d B) average daily sediment loitd.
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Figure lO - tilg" series of average daily
1985, flor ttie season June L5-October t5
runoff puou! L942-!944 .

I

Figure 7. dverage daily sediment load of the Colorado River, Grand Canyon
snoothed to irenove variations of ( 7-days duration. A) L930-L942, and B)

i

L943-L955. Sedinent load of both seaaons is less ln the l-atter period.

Flgure ,8. tine eeries of runoff frequency of the Little Colorado River (solid
line), Lg26',L985, and estineted runoff frequency (deshed line), 19L0-L985'
showing the recorded high runoff of L925-L942 tl:m:t began by at least l-91-0 as
suggested by the estirnated runoff.

Flgrrre 9. Tine series of average rainfall frequeney of the three weather
stition groups in table 2 showing the period of generally low rainfall between
I942-L979, horizontal line ls the 1928-1985 average. A) Little Colorado River
basin group, B) northeast grouP, and C) notthwest grouP.

Figure 10. Relation of rainfall frequency to rainfall total at the 13 weather
stations in table 2, 1928-L985. Rainfall frequency and total are exPressed as
a percentage of their 1951-1980 averages, respectively.

Figure 11. Time series, 1928-l-985, of average anrnral rainfall frequency
(solid l-ine) and rainfall total (dashed line) of the l-3 weather stations
expressed as a percent of their l95l--1980 averages, respectively. Rainfall
w4s generally Iow between L942 and L979.

discharge of the Parla River, 1924-
showlng the eubstantial decrease in
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Figure 12- Enpirical quantile.guantile plots of rainfalL frequency from
figure 11 comparing the quantiles of four. segments with 14 years per segment.
Diagonal line extending between corners is the theoretical line of equality
between the two distributions. Short diagonal line is a linear least squares
regression fitted to the l4-paired observations. A), B), and C) compare the
quantiles of the L929-L942 segnent with the quantiles of the L943-L956, L957'
L97O, and 1971--1984 segnents. D) and E) conpare L943-L955 quantil-es with
L957-t97O and 1971-1984. F) eonpares the quantiles of 1957-1970 with L97L-
1984
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Table 1. Clinatic and hydrologic data processed for inelusion in this study.

Table 2. Location and elevation of weather stations used in rainfall
frequency arralysis.

Table 3. Variation in length of rainfall season at l-3 seather stations.

Table 4. Regresslon analysis of runoff and rainfall frequency.
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Table 6. Year of noderate to intense ENSO (El Nino-southern Oscillation; from
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Abstract

Decreased runoff beginning in the early L940s was probably the nain
cause of ext€nsive sediment storage in alLuvial-channel tributaries of the
Colorado River. Most sediment is transported in these tributaries during
srlFmer and early fall, and a long-tern change of runoff during the warn season
(Jr:ne 15 to October 15) would alter charxrel equilibriun. Runoff occurs in
direct response to rainfal-l- fron subtropical noisture transPorted frorn the
Gulf of Mexieo or tropical Pacific Ocean onto the nornally dry plateau through
monsoon or tropical cyclone circulation. Analysis of average daily rainfal-l
at 13 weather stations suggests that after the early 1940s the rainy season
ended earlier, decreasing the length of the season as utrch as 40 Percent'
Moreover, regionally averaged rainfall frequency and enount for the season
also decreased in the early L940s. Totel seasonal rainfall is closely related
to rainfall frequency (r - 0.95), which in turn is correlated with runoff
frequency (r - 0.79>. In the Little Colorado River basin, measured runoff was
unusuaLly high fron the begiruring of the reeord in 1925 r.rntil the early L940s.
The htgh runoff, however, began before L910, based on a nultiple linear
regression wlth rainfall frequency as the predictor variable. A long-term
change of either Eonsoon strength or tropical-cyclone frequency or a change of
both would reduce rainfall and nrnoff. Evidenee for a long-tern change in
monsoon strength before 1945 is gnavailable due to a lack of upper air
pressure data. The number of tropicaL cyclones, however, decreased
substantially after the early L940s, which reduced average daily rainfalf in
the latter part of the season. In eddition, decreased rainfall in late sunner
and early fall oight be related to relatively low frequency of well developed
El Nlno-Southera Oscillatlon between about 1940-1985.
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Introdrrction

This report is an exploratory data analysis of the frequency and amount
of rain during the warm season June 15 to October l-5 in the southern Colorado
Plateau (fig. 1). The anal-ysis was undertaken to understand the clirnatic
causes of reduced runoff, sediment yield, and changes of alluvial-channel
norphology that occurred in the early 1940s in tributaries of the Colorado
River (ttereford, Lg84, L987a). nunolf from warrn-season rain produces 'fron 

50

to 90 percent of the large floods on the Colorado Plateau (Webb, L987). Thus,
variation of rainfall rnay cause a corresPonding change in the size and
freqr.rency of channel-forning floods, arrd a change in flood reginen vilI
directly affect runoff and sediuent yie1d. Moreover, alluvial-channel
no.rphology will probably adjust to the new regimen through aggradation or
degradation.

Several studies have shown that alluvial channels of the southern
Colorado Plateau streans have changed substantially since the early 1940s
(Hereford, L984, L986, L987a, 1987b; Graf, l-987). The geonorphic changes were
nainly from aggradation and include reduced channel width and wldespread
developnent of floodplains (Hereford, L987a). Ttre innediate cause of
aggradation was probably a change in the frequency and rnagnitude of floods in
the early L940s (Hereford, L987a; llebb and Baker, 1987).

This recent alluviation has practical applications for land managenent
aruil theoretical inplications for fluvial geonorphology of seniarid regions
(Hereford, 1-987c; Gellis and others, L988). The new deposits have created a

floodplain ln fornerly unusabj-e, frequentLy flooded chsnnels. These
floodplains are now favorable sites for grazLng, agriculture, and
construction. Minlng arrd expLoration for uranlun and thorLun were wLdespread
Ln the Colorado Plateau during the 1950s. Erosion of nine tallings and other
disturbed areas probabLy increased input of these elenents into charrnel
systens where they probably accr.ruulated on floodplains. Moreover, widespread
sldinent storage in-triUr..tary channels reduces long-term sediment load of the
Golorado Rlver. Therefore, understanding the causes of reduced sedixlent yield
and floodplain development is desireable for inproved reservoir design and
long-tern menagement of the floodplain resource.

The proeesses and eauses of stream aggradation and degradation are
poorly understood fron a theoretical point of view. Nonetheless, the
frequency and anount of rainfall logically have an inportant influence on
fluvial processes (Leopold, 1951; Leopold and others, L966; Cooke and Reeves,
L976; WeLb, 1985). A significanr change ln the frequency or anount of raln,
therefore, will probably directly affect flood frequency and slze, which in
turn will affect channel equilibriun and sedinent load. Results of this
analysis suggest that the fr"qtr"n"y and amount of one and two-day rainfall
decrlased in-the early 1940s through the late-1970s ln most of the southern
Colorado Plateau. Thls cha:rge in storm characteristics was coincident with'
the begiwring of regional floodplain alluviation, with redueed peak-flood
dischaige of Colorado River tributaries, and reduced sedinent load of the
Colorado River.

Finally, increasing concentrations of atnospheric CO2 and other trace
gases are expected to produce changes in future clinate thst will effect the
hydrologic cycle (Bradley and others, 1987; Lockvood, l-989). Most general
circulation nodels indicate that surface temperature rvill increase
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significantly. Atrthough the effect of increased tenperature on precipitation
is not firnly established,'nodels suggest that a doubling of COz will increase
precipitation by 3 to l-1 percent (Bradley and others, 1-987). This increase,
although of opposite sign, is sinilar in size to the historic rainfall change
discussed in the present study. Thus, a thorough understanding of, historical
rainfall variability and its effect on the fluvial system is essential to
assesslng the significance of future clirnate change.

Data ard liethds

Data used in this preLininary analysis are dally rainfall recorded at 13
weather stations in the southern Colorado Plateau (fig. 1), daily discharge of
the LittLe Colorado and Paria Rivers, and daily sediment load of the Paria
River and Colorado River in the Grand Canyon. Most of the rainfalL data, as
well as naxlnun and nininun daiJ-y teupereture, ltere obtained on nagnetic tape
from the National Ceater for Atmospheric Research, Boulder, Colorado and
Natiorral Oceanic and Atmospheric Adninistration, Asheville, North Carolina.
The data consist of 24-hour rainfall measurenents collected, for the nost
part, at cooperative stations staffed by volunteers (NOAA, 1-986). These are
the only daily weather data available for the region and they have two
shortconings. In several cases, the data furnished onlnagnetic tape did not
include the cornplete station record, and several steti{ns have nunerous data
gaps of several years duration, yhich nakes thern diffigult or inpossible to
use. I

Table 1 lists the conplete weather and hydroLogic data set processed in
this study, as well as the percent of nissing values arrd the reason for not
includlng the station ln the ratnfal.l frequency analysLs. The 29-station data
set contalns 1.87 nllllon observation days of preclpltatlon and nexirnrn and
niniuun daiLy tenperature. Computer programs for nanlptrlation and arralysis of
this type of data are not readily available. Several- prograns rrere written
spectficalty for this study to analyze and plot daily rainfall and
tenperature. Ttrese prograns are written in Hewlett-Packard Technical Basic
and are avallable from ne on reguest.

Data fron only 13 of the 29 stations in table 1 were used in this study
because of the previously discussed shortconlngs. The location arrd elevatl-on
of these stations are LiEted in table 2. Most of the stations are in the
southern Colorado Plateeu (fig. 1), and they are distributed in three grouPs
as shown in table 2. The stations range in elevation froo 842 to 2,239 n and
have an average elevation of 1,650 n. The Little Colorado Rlver and northeast
group (Table 2) 1le southeast of the so-called n'suoier monsoon air-mass
boundary, " a "region of broadly sinilar clinate that crosses the Colorado
Plateau diagorrally in northrlest Arizona and southeast Utah (Mitchell , L975).
lhe northwest group (Table 2) lles withln this air-nass boundary. The
stations are clustered along the southern and western edge of the Col-orado
Plateau, and they occupy a region of broedly sirnilar physiography and climate.

Tine series were developed fron the rainfall data (Table 2) to search
for changes in the frequency and amount of rain in the warm season of June 15

to October 15. The series were developed in the following narner: Weather
stations with data before L940 with no missing entries in the late L930s to
early 1940s were anslyzed (Tables 1 and 2). For each station, the nunber of
days arrrually with more than 5 nn of rainfall of one and two days-duration was
counted, and the rainfall of these events was accumtrlated. Rainfall up to L5
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consecuti.ve days was counted, but rain longer than two days is extrenely rare
and did not, therefore, change the conclusions. A nissing value was assigned
to a season if more than 5 percent of the daily entries of a particular
station were nissing. fhe rain frequency and total data for each station
(Table 1) were obtained.by dividing the rain frequency and accursulated
rainfall per year by the number of reporting stations. The 13 stations used
in the analysis (Table 2) were chosen because they have a fairly complete
record fron 1928 through 1985.

Desplte the shortconings of the clinate data, I developed annual tine
series of the frequency and arnount.of rainfall fron L928-1985 for two of the
groups and fron L9l-0-1.985 for the Little Colorado River basin grouP. The
results of this study, however, are prelininary because of.the inconpleteness
of the data. Work in progress will attenPt to fill data breaks, obtain
conplete station records, and check each record for inlronogeneities. Spatial
variation of rainfall frequency and anount and the relation ltith synoPtic
circulatlon patterns will also be undertaken.

Previous Studies of Rainfall Freguency

Several studies of southwestern streems have used rainfall frequency to
interpret changes of alLuvial-channel morphology (Leopold, 195L; Leopold and
others, L966; Cooke and Reevds, L976; Webb, 1-985). These studies were
concerned prinarlly with clinatic explanations of arroyo cutting during the
late 1800s and early 1.900s. Data from one or two stations wag used to develop
seasonal time series of various size cl-asses of rainfall frequency. These
studles showed that rainfall frequency varied sith time, whereas total annual
aad seasonal- ralnfalL did not change significantly.

A stndy by Englehart and Douglas (1985) addresses the statisticaL
chsracteristlcs and spatial variation of ralnfall frequency that is relevant
to the present study. Rainfall frequency is a relatively new and unfaniliar
measure in the clinatologic literature, as nost strrdies of rainfall typically
treat nonthly and arurual totals. In general, nonthly or seasonsl rainfall
freguency has a nornal probability dlstrlbution. Ttrerefore, rainfall
frequency ls better suited to linear analysis than totaL rainfall-, which has
appreclable positive skewness. Although the statistical charaetefistice of
rainfall frequency varies regionally within the United States, the Colorado
Plateau is characterized by nornally distrlbuted rainfall frequency (Englehart
and Douglas, 1985, fig. 3). For this reason, the rainfall frequency data of
the present study are ssstuted to have an approxinately nornal probability
distributlon.

Types of Rrmoff Prodrrcirrg ltren-season RainfaLl

Definition of Rainy Season

FigUre 2 shows the annual precipitation cyele at Fort Valley, and
lJinslow Arizona, stations having a typically developed rainy season from mid-
June to nid-October or early November. The principal difference between these
stations is the lack of a winter nsxina at l{inslow and the amount of
precipitation. The rainy period is not strlctly Linited to arrlnoer, rather it
typically begins in late spring and lasts until early to mid-fall at rnost
stations. This rainy period is a clinatic singularity (Barry and Parry, L973,

)
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p. 292) because of its tendency.to recur at the sarne time each year. Although
the rainy season recurs each year, the beginning and ending date 'fary by
several weeks from station to station. For regional comparison, therefore,
the rainy season was defined as June 15 to October 15, a definition that
includes nost of the rainy season of each station, as will be shown in a
following section.

Regional and kcal Stoms

I Rnnoff producing rrarr!-season rainfall in the southern Colorado Plateau
is classified by storm size and meteorological type. 1\ro broad, subjective
classifications of storn slze are recognized--local and general storrns (Hansen
and others, L98L). A locaI storm is characterized by unusuall-y heary rainfall
that is isolated from surror.rnding storns. Typically, this size of storm is
not associated with an organized meteorologtcal systen. Although loca1 storns
produce large, dangerous floods, they probably do not produce significant
runoff in internediate-size draLnage basins.

In eontrast, general storms produce slgnificant rainfall lasting a day
or longer over at least 500 kn'. These storns are typically associated with
an organized frontaL systen or moist airflow whose luovement over the region
causes widespread rai.nfal-l. Because of their size and duration, general
storns have the potential for producing regional flooding in internediate-size
basins.

l{onsoonal ard Tropical G}clope Rainfall

Slgnificant lrarm-seaaon rainfalL ln the southern Colorado Plateau I I

originates prlnartly fron moisture derived fron the troplcal Paciflc Ocednl or
Guli of Mexlco (Ilansen and others, 1981; Snith, 1986). Ttris noisture lsi 

i

transported northward into the normaLly dry region in loca1 or widespreadl
convective thunderstorms or ln dissipating tropical cyclones. The monso6n
season typically occurs between nid-June and nid-september, although the
beginning and end vary locally ard with tine. Durtng thls season, high
hunidity and htgh surface temperatures resuLt in frequent thunderstorms over a
large atrea. . At tines, these storms cause severe loca1 flooding aad dlsrupt
transportation (Carleton, 1985) .

Ttre Southnest [onsoon is a seasonal shift from southwest to southeast
winds that effects the Colorado Plateau in nid-Jr:ne to early July (Tang and
Reiter, L984). This shift to southeasterly winds results from a rapid, large-
scale change in the general circulation (Bryson and Lowry, L955) in late June
and early July. Al-though the monsoon recurs annually, lt shows large seasonal-
and annual variability (Carleton, 1985). Within seeson variability causes
periods of widespread, heavy thundershower activicy alternating If,ith dry
spells up to several weeks duration. The rset and dry spe1Ls are terned
'bu!st' and "break', respectively, after counterparts in the south Asian
monsoon (Carleton, l-986). These are large-scale atnospheric anonalies
(Carleton, 1985), and over a period of several days a burst will produce
rainfalL and possibly increase runoff over a large part of the southern
Colorado Plateau, whereas a break will result in dry conditions and reduced
runoff in an equally large.area

On an arurual basis, the strength of the Bonsoon season varies
substantially, and this variability, which is related to rnajor atnospheric

I
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circrrlation controls, effects total sunmer rainfall (Carleton, L987). Using
500 nb geopotential height patterns, Carleton (L987) identified 1-1 large-scale
circulation types that correspond with burst and break nonsoonal activity.
Fron these Carleton (1987) developed three seasonal circulation indices that
are weakly to noderately well correlated with Arizona sunmer rainfall. The
indices are expressed as a ratio of the number of days of specific types of
trurst and break circulation patterns.
. Generally, the nain control of seasonal rainfall is the position of the

Bermrda subtropical anticyclone (Carleton, L986, L987), one of the two major
high-pressure centers of the Northern Henisphere. High rainfall in the
Southwest is associeted wlth northerly displacenent of the ridge, whereas dry
veather is associated slth southerly displacenent. Thus, long-tern changes in
warn-season rainfalL are releted to the average latitude of the Bermuda
subtropical ridge. Ttre type of infornation needed to develop the 'rCarleton'!
indices, .howevetr, is not available before 1945 (Carleton, L987); therefore,
the najor change in'warm-season rainfall of the early L940s discussed in this
paper cannot be evaluated in terms of these indices.

Tropical cyclones occur at anytine of the year, but on the average more
than 90 percent occuf, over the Southwest between June-October, and about 60
percent of the anrrual total occurs between August-October (Snith, 1986, Table
1.). Under appropriate conditions, these storns produce significant rainfall
and flooding (Smith, 1-985; Webb, L987). Heavy rainfall occurs when the
noisture-laden air of the dissipating storm systets is lifted orographically,
through strong diurnal heatlng, or in conjunction with an tureasorrably cool
nid-latitude trough or cut-off low-pressure systen (Smith, l-986). Three of
the largest floods of, the Paria River in L925, L926, and l-939 resulted from
tropical storbs (!Iebb, l-987).

Teuporal Vsrlatlon of Bairry Seaso'n DuratLon

Analysis of the rainfalL data suggests that the average Length of the
rainy season decreased after the early L940s. Ihis decrease is suggested by
exanination of the average dail-y precipitation of each station. The station
record rfias divided at L942, and average daily precipitation was calculated for
tno periods. One of the periods was fron the begtmring of the stati-on record
through L942, and the other vas from 1943 with the number of years equal to
the first period. Selection of L942 as the dividing year rras based on
previous work yhich shosed that arurual flood nagnitude, rr:noff, rainfall, and
tenperature decreased in the early 1940s in the Colorado River basin and
southera Colotado Plateau (Thonas arrd others, 1953; Graf, L986; Hereford,
L984, L986). In addition, the begiruring of floodplain aggradati.on in the
early L940s is physical evidence of hydrologic change possibly caused by
cli.nate fluctuation or change.

Figures 3 and 4 show the pre-1943 and post-1942 average annual
precipitation cycle of Fort Valley, Arizona, and Kanab, Utah, which are
representative high and internedidte elevation stations (Table 2). At both
stations, the average rainfall season before 1943 (figs. 3a and 4a) is about
40 days longer than the season after 1943 (figs. 3b and 4b). Table 3 lists
the resrrlts of a sinilar analysis applled to ihe 13 stations. At 11 of th'e
stetions, the post-1942 rainy season is between 5 and 40 percent shorter than
the pre-1943 season. Of the two renaining stations, one had no change,
whereas the other had a 5 percent increase in the length of the post-L942

)
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season. These results, however, are qualitative because selection of the
rainy season is subjective and because the variance of the daily rainfall is
unknown, which precludes tests of statistical significance.

The data in table 3 were also analyzed to deternine whether the average
beginning and ending date of the season were different for each period. The
95 percent confidence interval for the average beginning date of the pre-1943
and post-L942 data is June l-7 to June 25 and Jtrne 23 to July 4, respectively,
suggesting that the average beginning date of each period is similar. The
sane confidence interval for the average end of the season is October 10 to
October 25 for pre-1943 data and Septenber 16 to October 5 for post-1942 data,
suggesting that the season ended earlier after L942. Thus, the average rainy
season was probably shortened after L942 by ending e-arly rather than by
begirming late.

A decrease in the nunber of tropical cyclones after the early 1940s
night have reduced the length of the avbrage rainy se€lson. These storms
typically occur in late surDmer and early fal1, and a reduced frequency during
this portion of the warm season would decrease average daily rainfall and
shorten the rainy season. In an analysis of ttie Paria River basin, Graf and
others (written connun. ) found that the number of fl"oods resulting fron
tropical cyclones decreased significantly between l-923 and 1985. In this
period, l-8 floods were camsed by dissipating tropical cyclones, of these nine
occurred between i.923 and L942, six occurred between 1943-l-958, arrd only three
occurred between 1958-1986.

Ilydrologic and. Geonorphic Signiflcance of ltarn-season R.ainfall
llRrrcff iof a t}pical Golofado Plateanr Basln

:

llhe Paria Rlver basin (4,O7O kn') in south-central Utah (fig. 1) is a
typicallrinteruediate-size Colorado Plateau basin. Unlike other basins of this
sLze, ihowev.r, daily streanflow measurements fron the nouth of the river are
avallable begiruring October L923 (Table 1). These data are i-rnportant for
urrderstanding the relations €rnong cllnate, hydroloty, and channel norphology
of southern Colorado Plateau Etreams.

lbe geology of the basin consists natnly of gently dipping',locally
folded Mesozoic sandstone, shale, and slLtstone. Ttrese Etrata seather
differentiafly forrning the characteristic cliff/slope toPography of the
Colorado Plateau. Typically, the relatlvely hard sandstone layers forn ledges
or cliffs, whereas the softer siltstone arrd shale Layers forn slopes. Because

) of weak cenentation and a vigorus freeze-thaw cyeLe, the strata weather and- 
decompose rapidly (Colbert, 1956; Schurrm and ChorLey, 1956), providing the
aburrdant sediment load for which streams in the region are noted (Beverage and
Gulbertson, 1964>.

The Paria River is pererurial, although base flow is very low with 80
percent of the datl-y flows < L mt/s in the season June L5-October L5. The
principal tributaries of the Paria are ephemeral, which is typical of nany
southern Colorado Plateau streams. In these streams, a large portion of
annual runoff occurs during July through October in direct resPonse to
rainfall. Figure 5 shows the arurual runoff cycle of the Paria River, which is
probably sinllar to other streems ln the region. Biseasonal variation of
runoff and sediment load in respohse to the biseasorral precipitation pattern
(figs. 2a and 4) is demonstrated clearly.
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Analysis of Paria River sedinent load for the period of record (October
L948 through Septenber L975) shows that the largest sedinent loads occur in
the warm season. The average daily sedinent load carried between June L5 and
September L5 is 22 X 1-O4 Mg, whereas between Septenber 15 and February L5
(winter) sediment load is 2.4 X 103 Mg and between February 16 and June 14
(spring) it is only 8.8 X 10'?Mg. Thus, on the average, warn-season sedirnent
load is L0 to L00 tines largeg than winter or spring sediment load. A long-
term change in warn-season rainfall patterns, therefore, would probably affept
sediment load and. charrnel norphology.

Terporal Variatiorn of Rmoff

A variety of evidence suggests that a najor hydrologic change occurred
in the southerrr Colorado PLateau portion of the Colorado River basin in the
early 1940s. The warn-season runoff of the Paria River, for example,
decreased substantialLy between about L942 or L944, as iLlustrated in figure
6. ltris decreas€ in average daily flows was related to or caused by a
reduction in the size of peak-flood discharge. Although sediment load was not
rneasured before October L948, a reconstruction of Paria River sedinent load
shoss thet it also decreased substantially in the early 1-940s (Graf and
others, written conmrn. ) .

This hydrologic change.was regional as suggested by the sediment load of
the Colorado River ln Grand Canyon. Figure 7 shows the annual sediment load
of the Golorado River for two thirteea-year periods centered at L942.
Sedinent load ln both seasons was substantially less in the post-L942 Period
(fig. 7b). In addition, the rainy season rr:noff period is several weeks
shqrter in the post-L942 perlod, which ls conslstent lrith the rainfall data
(Table 3). Thts decrease ln Colorado River sedlsent load occurred at about
the sane tine that Paria River runoff and load decreased, and the decrease was
also coincident with the beginning of sedinent storage in the Paria River and
other internediate to large basinl (Hereford, L987a; Graf and othe'rs, written
couuun.). Discharge of the Colorado River, holuever, did not change, probably
because rr:noff originates nainly fron snownelt in the headwaters of the basin,
whereas sediment is derlved fron the Golorado Plateau portion of the basin.

Geologlc Ef,fects of Redrrced nuaoff

SeveraL studies have docunented recent changes in alluvial channels of
the Colorado Plateau (Erunett., Ig74; LeopoLd, L976; Dunne and Leopold, L978;
Hereford, L984, 1986, 1987a,b; Graf, L987). Photographic evidence shows that
the changes are substantial-, consisting of reduced chsrurel width and sedinent
storage through developnent of floodplains. In most baslns, the amount of
accuntrlated sedinent is not napped, hrt in the Paria River basin napping shows
that the deposits cover about 20 ld and have a volume of 40 rnillion n!
(Hereford, L987c)

Stratigraphic and sedimentologic studies of the recent deposits show
that the floodplains developed nainly through vertical- accretion, indicating
that sediment was stored in the channels (Hereford, L984; 1-985). Moreover,
these studies indicate that deposition of floodpl-ain alluviun began in
channels of the southern Golorado Plateau during the early 1940s. Ttris
widespread, essentially sSmchronous alluviation suggests that it resulted from
a conlron causal factor (Hereford, L987a)
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Finally, thip widespread sedinent storage probably reduced sediment
'a-Ccuntrlation in Lake Powell (fig. 1), one of the najor reservoirs of the
Colorado River Storage Project. A study of deposition in Lake Powell showed
that the measured annual rate of deposition was only 43 percent of the rate
estinated during the planning stages of the,reservoir (Ferrari, 1988, p. 28).
The estinated sedimentation rate did not allow for sediment storage in
tritrutery streams, which was unknown dgring planning of the reservoir.

possible Canrses of Reduced Rmoff ard Fediuent Load
il

Results of several studies (Thonbs and others, L952; Hadley, L974;
Hereford, L987a; Gellis and others, 1989) suggest that landuse, intrinsic
geonorphic controls, and clinate have blterbd runoff and sedinent yield to
sone extent; however, it is not possibl-e toj specify quantitatively which of
these was the doni-nant influence. Eviilence that clinate ehange or fluctuation
in the early 19/r0s wag.the cause of re[ucedi runoff and alluviation has been
presented by several workers (Enrnett , Lg7+; Leopold, L976, Dunne and Leopold,
L978; Graf, 1985; Hereford, L984,19861, 198fa, b). The reduced runoff favored
colonization of chanriels by riparian vegetaLion, which in turn caused sediment
to accumtrlate in the channels further teducilng flood peaks and sedi.ment yield
(Hereford, L984>. Although this is a peasoirable explanation for alluviation,
evidence for a change of ralnfall thatl coulit alter fl-ood regirnen significantly
has been lacking. i I

Relation of Rainfall Frequeact aU fnount to.Fhnrial Procesges

Previous workere have suggested jatoa b long-tern ctrange in arurrral
rainfall frequency rotrld influence fluirlal lcttvity (Leopold, 1951; Leopold
and others, 1966; Cooke and Reeves, 19[6). I Strean erosion is associated with
increased frequency of large rains, orl witht less frequent snall rains. The
hillslope protective vegetative cover i.s weiakened by infrequent snall rains,
which increases runoff. Ttrus, a decrease ih snalL rains, an increase in large
rains, ot a change of both will lead to lead to lncreaEed rrmoff and erosion.

In thls study, however, only a changel to reletiveLy higher or lower
rainfaLl frequency is thought to affect flublal processes slnce at least the
earLy 1940s, if not the late 1800s. Evidence for a change in hilLslope
vegetation slnce the early 1940s and earlier is lacking. This is signlficant
because the hillslope systen--partlcuLarly the steep, barren, and Largely
ungrazed hlllsLopes--is probabLy the principal source of sedinent for southern
CoLorado Plateau streams (Wells and others, 1983; Hereford, L987a, 1987d).
Rangeland vegetation (excluslve of hillslopes), however, has changed
notl-ceably due to grazing.and other factors in uuch of the Southwest (Branson,
L9S5). In the southern Col-orado P1ateau, nuoerous conparative photographs of
hilLslopes show that the vegetation cover has not changed noticeably during
the past L00 years (Stephens and Shoemaker, L987; Graf, L987, figs. 6-9;
Hereford, L986, figs. 4-5, L987b, fig. 15). Thus, the relation of changed
hillslope vegetation and rainfall frequency is probably nore complex than
previously realized.

The relation between rainfall frequency and runoff was investigated
using urltiple Llnear regresslon. The results of this analysis are shown in
figure 8, which is a tine series of actual and estinated runoff frequency of
the Littl-e Colorado River for the. rainy season June 15 to October 15. Runoff
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frequenly is the nuuber of tines per year that runoff exceeded a base flow
L.6 hn'/day for durations of one to seven days. Rainfall frequency is the
average nunber of one and two-day rainfall events per year of the statio4s
the Little Colorado River basin (Table 2). The regression equation is

Q'r : -2.4 + 0.02F, + 0.3Hr + 0.2Spr + 0.1-sne + 0.2w.

l{trere Qo is rr,rnoff frequency, F1, He, Spr, Snr, and ![o is rainfall frequency at
Fort Valley, Holbrook, Springerville, Snowflake, aird Winslow, respectively.
Table 4 tabtrlates the regression analysis, The statistlcal relation has
considerabLe variation; nevertheless, rainfall frequency explains 52 percent
of discherge vatiation, and the regression is statistically significant (Table
4>.

In general, the regression reproduces satisfactorily the long-tern
runoff pettern; however, in detail, runoff is overestinated Ln L929, L96L,
L956-L967, and L97L-1972; and runoff is underestinated in L927, 1931, 1935-
1938,.and l-968 (fig. 8). A portion of this unexplained variation is due to
random errors, but most of the variation probably has a physical explanation.
Ternperature and antecedent noisture, for exarnple, are probably important
variables that night reduce the lack of fit and unexplained variation.

The rainfall data for these stations, unlike many of the others (Table
L), are nearly couplete fron l-9L0 to the present. Thus, figure 8 shows the
predicted rr:noff of the Little Colorado River fron 1910-L925. High runoff
frequency was typtcal fron 1910-l-941, at.rd L920-L94L was particul-arly high.
These results suggest that runoff and rainfall were at their highest levels
from at least 1910 untll the eerlv 1940s. l

SpetlaL ad Terporal Varletlorr of Rainfall

Average annual rainfaLl frequency of the three groups (Table 2) is shown
in figure 9. Missing entries were estineted for each station by the average
of six yeers centered at the nissing year. The tlne series indicate that
rainfall frequency varies acr<iss the region. Nonetheless, a l-ong-tern Pattern
of reduced freguency fron the early 1940s r:ntil the late 1970s ls evident,
particularly at the Little Colorado River and northeast grouPs (fig. 9a, 9b).
Rain fregtrency of the norttnrest group (fig. 9c) ls broadly sinilar to the
other groups with the exception of, the unusually frequent rain during 1-945-
L946, 1954-L955, L96L, L953, and L972. These differences may sten fron the
Location of the northwest group in the Eonsoon air-nass boundary, as
previously discussed. Despite the differences, the three groups are probably
representative of the long-tern rainfill patterns of the southern Colorado
Plateau.

Rainfall frequency is probably the principal control on the auount of
rainfall in any year, as illustrated in figure 10 which shows the relation
between frequency and amount where both are expressed as a percentage of their
1951-1980 averages. Rainfall frequency of the 13 stations explains 90 percent
of the variation of total rainfall. Moreover, rainfall frequency of the
Little Colorado River group explains 78, percent of the variation of total
rainfall at these stations. Ttre snall unexplained variation of total rainfall
is due to randon errors and variation ln rainfalL lntensity. Englehart and
Douglas (1-985) also found high correlation between rainfall freguency and
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total rainfall, although they f'ound that total rainfall was a Power function
of frequency.

Figure 11 shows tirne series of average annual frequency and amount of
one and two-day rainfall of the 13 stations expressed as a percentage, as
explained above. In this case, not less than 11 of the l-3 stations were used
to estimate the annual average, a procedure that elininates the need to
estinate nissing.entries. The tine series show that rainfall frequency and
amount were highest during L928-194L and 1980-L984.

- Tenporal variation of rainfall frequency was analyzed by dividing the
tine series (ftg. L1) between L929-1984 into four L4-year segnents. These
segnents were chosen to isolate the early perlod for corparison with the
fo1-lowing three perlods. Ttre quantiles of each segment ltere conpared using
enpirical quantile-quantile plots" an effective nethod of conparing the
distribrrtion of date (Ctranbers and others, 1983). The Plots are l-llustrated
in figure L2; figuxe L2a shows that rainfall frequency drrring L929-L942 was
larger than L943-L956; figure 12b indicates thet frequency above the L00th
percentile during L929-L942 was higher then L957-L970; and figure 12c
indicates Ehat L929-1942 frequency was about equal- to L97L to 1984, although
figure 11 shows that frequency during l-980-1-984 was the highest of the L97L-
1-984 period. Figure 12d indicates that rainfall freguency for l-943-1956 was
less than l-957-L970.

A t-tesr of the type suggested by Hitchell and others (l-966) was used
to test the null hypothesis that the average freguency for L929-L942 is equal
to the average frequency of 1943-L956, L957-L970, alrd L97L-L984. In addition,
the tine series was divided at L942 and the averages of the two segments L928-
L942 arfl 1943-L979 were tested for equality. In this fourth conparison, the
1980-1985 data serg onitted because ralnf,all frequency during this six-year
period was the ltLghest since L9a2 $Lgs. 9, 11). Moreover, a signlficant
chenge to erosion occurred ln nany southern Golorado Plateau streams in 1980
(Hereford, L987a), and this change night be related to the unusuaLly high
rainfall frequency of the l-980-1-985 period.

The results of these tests are listed'in table 5. Regarding the first
three corparlsons (Table 5), the null hypothesis is reJected (0.05 Level) in
the first case (1943-1956), and accepted ln the second (L957-L970) and thlrd
case (1971-1984). Ttre significarrce of the second comparison, howgver, 1"
guestionable because flgure 12b indlcates that the percentlles of the L929'
L942 period'are larger even though the averages night not differ
significantly. In the third eonparison, the averages are about equal as
indicated by figure 1-2c, however, the L97O-L984 average is inflated by the
tmusually high frequency of the l-980-84 period. Finally, the for.rrth
conparison (1928-1-942 wi-tl:. L943-L979) suggests that the L928-L942 avetage
frequency is significantly larger than the following L943-L979 period.

These results yield two conclusions: L) Ttre L943-L956 period was
characterized by significantly reduced rainfall frequency conpared with the
preceding L929-L942 and following 1-957-L984 period, or 2) rainfall frequency
during 1943-L979 ruas the lorrest of the preceding L928-L942 and following L980-
1985 periods. Figures 9 and l-L and L2 as well as the final result of table 5

favor the second conclusion. Thus, the 37-year period L943-L979 was probably
characterized by relatively low rainfall frequency compared with 1928'L942 and
L980-1985. Moreover, the early perlod of high rainfall frequency probably
began before 1-9L0, as suggested by figure 8. Finally, this conclusion ls
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consistent wtth the hydrologic data, which suggests that runoff was unusually
high fron at least thl nid-L920s until the early 1.940s (figs. 6 and 8).

iscussion ard Conclusions

Ihe results of this study suggest that the length of che average rainy
season (June 15-October 15) decreased after the early 1940s in the southern
Gol-orado Plateau. The season was probably shortened by ending early rather
than by begiruring late, this reduced average daily rainfall in late sunmer arrd
earLy fall. Ttre frequency arrd embunt of rainfall also changed. Statistical
aaalysis does not yield a single interpretation of long-tern rainfall
variation, although the analysis favors the following interpretation: During
the period L943-L979 the frequeney and amount of rainfall were lower than in
the preceding period l-928-L942 or following period L980-1985. Moreover, the
early perlod of increased rainfall probably began before 1"910. An alter-native
explanation is that onl-y the early 1940s to nid-L950s were drier than the
preceding or following period.

Rainfal-l frequency and amount are correlated with strean discharge, and
the decrease of runoff and peak-flood discharge observed in tributaries of the
Colorado River during the early 1940s are probably related, at least in part,
to this change in rainfaLL characteristics. Through its effect on flood
regi-men, reduced rainfall frequency probably triggered sedinent storage and
fI-oodplain developnent in Colorado River tributary channels. Ihis tributary
sedinent storage in turn reduced the sedlnent yield of the colorado River.

A long-tbrn change in either ronsoon strength or in the nunber of
troplcal byclones penetrating northvard onto the Golorado Plateau or a change
of both could reduce warn-season rainfall and shorten the ralny season.
Accordl.ng to Graf and others (sritten eounrn. ), the anrnber of troplcal
cyclones decreased after the 1940s. ![onsoon clinatology ln the perlod of
interest, however, is not well knorn because upPer aitr pressure data is
unavailable before 1945. Thus, it is unknown vhether the increased rainfall
of the pre-L940 period is related to a change in the n0arleton" circulation
lrdices.

Southerrr Cotrorado Plateau rain in Late sumer arrd early fall is
influenced by the E[ Nino-Southern Osclllation (ENSO), a conplex, .poorly
understood global systen of clinate fluctuations (Andrade and Sellers, 1988).
When ENSO is noderately to intensely developed, rainfall is increased during
Septenber to Novenber, although its effect on June to August rainfall is
negligible. Increased rainfall during this period ls caused by warn water in
the eastern Pacifie Ocean and Gulf of Callforrria, a characteristic ENSO

feature.
ENSO was noderately to lntensely developed 13 tirnes between 1928-1985.

With onl-y three exceptions, rainfall frequency was above average during these
years, as shown in table 5. Tltus, rainfall frequency, as defined here, is
probably increased in the lattef, part of the rainy season during years of
noderate to intense ENSO, although conparison of figure 1l- with table 6 shows
cleerly that not all wet years are ENSO related.

An increase in the frequency of noderate to intense ENSO should increase
rainfall in late suuter and early fa1L. Andrade and Sellers (l-988, table 2)
data lndicate that fron 1899-L942 the average recurrence lntenral of noderate
to intense ENSO vas 3 years. Wtrereas, ffom 1943-L985 the recurrence lnterval
was 5 years. Therefoxe, a higher frequency of strongly developed ENSO in the
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early part of the century might have been a contributing factor in the
extended rainfall season (figs. 3a and 4a), increased rainfall (figs. 9 and
1L), and high runoff (figs. 6-8).
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Table 1 . Cl irnatic and hydrologic records
processed for this study

Climate Data

Station Beginning Date Ending Date Percent
Missing Days

Alton, O6/OL/L5 L2/3L/85 .3'
Utah

Blanding, L2/OL/04 L2/3L/85 2.9'
Utah

Bloonfield, O3/OL/25 L2/3L/85 9.8'
N. Mex.

Bluff, OL/OL/28 L2/3L/85 L.2"
Utah

Bryce Canyon, O7/OL/48 05/3L/59 .O2b
Utah

Cedar City, OL/OL/L4 L2,/3L/86 .007'
Utah

Chaco, 0L/OL/48 L2/3L/85 1.6b
N. Mex.

Chinle, LL/OL/O8 LL/3O/lO 14.9'
l*Lz.

Dulce, O6/OL/06 L2/3L/85 8.8"
N. Mex.

Escalante, Oi/OLQL LL/TL/8S 11.3'
Utah

Flagstaff , 0L/AV\O L2/3L/85 .3b
LrLz.

Fort Valley, OL/AL/O9 L2/3L/85 ..9'
lxLz.

Ga1lup, O4/OL/48 L2/3L/79 6.4b
N. Mex.

Hatch, 07 /Ot/48 L2/3L,/86 3 .0r
Utah

Holbrook, AL/OL/OO L2/3L/85 6.7'
AtLz.

Hite, OL/0L/49 Ll/3O/62 7.2b
Utah

Kanab, 0L/OL/L4 L2/3L/85 .03'
Utah

Kayenta, 06/OL/L5 O3/3L/78 L4.L"
Ariz.

Lees Ferry, O4/OL/L6 L2/3L/85 1l-.5'
Ariz.

Panquitch, 07/AL/48 L2/3L/86 4.2o
Utah

sanra Fe, oL/ol/ao $/3L/72 L.4b
N. Mex.

Shiproek, OL/OL/48 LL/3O/85 8.2'
N. Mex.

I
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Table 1 continued

Snowflake, OL/OL/OO I2/3L/85 9.0'.
Atiz.

Springerville, O4/OL/LL L2/3L/85 ;7^
ArLz.

St. George, 0L/OL/28 L2/3L/86 1.0^
Utah

Tropic, OL/OL/!4 L2/3L/86 5.4b :

Utah
Tuba City, 0L/0L/O0 L2/3L/75 8.3b

Ariz.
llinslow, OL/OL/OO L2/3L/85 L2.L'

ArLz.
Zion NP, OL/OL/28 'L2/3L/86 .1'

Utah

Hydrologic Data

Little Colorado LO/0L/L925 12/3L/87 .0.0
River

Paria River IO/0L/L923 L2/3L/87 0.0
Parla River LO/OL/L948 09/30/76 0.0

Sedinent
Colorado Rlver AgntftO OL/OL/L964 10.0

i $eainent

' StatLon used in rainfall frequency analysis
" i Station exlcrrded because of short record
'I Station excluded because of numerous nissing days in the studied season, or
fr6n 1935 -L945, or both

)

)



le/

Table 2. Location and elevation of southern Colorado
Plateau weather stations used in this study

t

Station

Fort Va1l€y, 35"L6'00"
Ariz.

Holbrook 3 4"32' 24"
AtLz.

Snowflake, 34"19' L2"
Ariz.

Springerville , 34"0 5' 24"
AtLz.

}Jinslow,
Ariz.

Latitude

tittle Colorado River Basin Group

Longitude Elevation (m)

Blanding
Utah '

Bloomfield,
N. l{ex

Bluff,
Utah

Alton,
Utah

Cedar City,
Utah

I(anab,
Utah

St. George,
Utah

ZLon NP,
Utah

35'00'35n

Northeast Group

37"22'L2"

35'25'48 "

37"10' 48"

Northlyest group

37"L5'L2"

37"24 ' 00 'l

37"01 ', 48t1

37'03 , 36 "

37"L2 ' 00 ',

111'44 ', 00 "

110'0 6' 36"

110'03 ', 00 "

109"10 ' 48 "

110" 25',48 "

109"17 ', 24"

107"35' 24"

l-09"1 g , 48tl

1L2'L7',24"

1l-3'0 2', 24"

11,2'19 ' Lztl

L13"2L',00"

LL2"34',L2"

2,239

L ,549

L,707

2,L24

I ,480

1,851

1,658

L,3L7

2,145

L,778

L ,496

942 e

L,2T9

)

D



]

Table 3. Variation in length of
before L943 and after L942 at

Before L943

Season" and,
Periodo 

,

:

Little Colorado h.irr"t

Seasono and
, Period"

i Basin Group
I

06/21-0e/Ls
L943 -L97 6

05/28 - L 0/23
L943- 1985

06/27 -L0/47
L943 - 1- 98t+

05/26 - 10/24
L943-1973

06/2e -L0/07
L943 -L97 6

05/04-09 /o2
L943 - 1_980

06/27 -Oe /03
L943- 1959

a7 /L3-LO/O5
L943-L957

Group

06/30 -o9 /30
L943-L969

a7 /L3-09/L5
L943 - l- 97L

a6/28 -09/L3
L943 -L97L

07 /LL-0.9/L6
L943 -L957

06/22-09 /L7
1943 -L957

Difference
Percentd

tn

D

Station

Fort Valle1r,
AtLz.

Holbrook,
ArLz.

Snowflake,
ArLz.

Springerville ,

AtLz.
Winslow,

Axiz.

Blandirg,
Utah

Blooruf ield,
N. trfex.

B1uff,
Utah

Alton,
Utah

Cedar City,
Utah

Kanab,
Utah

St. George,
Utah

Zion NP,
Utah

i

06/L4-LO/L6
1909 -L942 

1

05/L7 -L0/08
1900 -L942

a6/L5 - l_L/02
1901 _Lgr+z 

i

06/L7 -LO/L1,
1912-L942 

f

05/22-rL/01
1909-1942 i

-30

5

-25'

0

-25

-35

-40

-40

)

-25

-30

- 35

-25

-5

I

,i
Northpafst Grirup

i

06/L5-LL/OI
1905-19421

o6/L7 -LO/lq
L926-Lgl+2, 

1

o6/L5-LL/O4
L928-L947 j

Northwest

07 /O3-LL/O4. l

1916 - 1 942
06/25-09/25 

I

L9LL-L942
06/2L-LO/L4

L9L4-L942
07 /03 -Lo/03

L928 - 1942
07 /02-L0/o3

Lg28-L942

Season beginning and end by nonth and day
Period .is beginning of station reeord through L942
Period length equals the number of years in the Pre-
1943 periodd Post-1942 season length as a percent of pre-L943 length
rounded to nearest five percent

summer rainfall season
13 weather stations

After L942

)
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Table 4. Results of t-test for the difference
between two means (Mitchell and others, 1966)
applied to the rainfall frequency time series.

Comparison is first column with adjoining columns

t

L929-L942 L943-L955 L957-L970 L97L-L984

Average l-15 .8 g4.5 l-06 . 5 LO8 .5
sd' 30.4 Lg .2 l-8.5 35 . 8
dfb 26 26 26
r' 2.22 0.981 0.554
po 0.02* 0.18 0.3

L928 - 1942 L943 - 1979

Average LLz .9 98 . B
sd" 31.5 22.5
dfb 50
t" L.gz
Pn o ' o4?k

e Standard deviationb Degrees of freedomc t-statistic
d Probability that the two averages are equal

D

)



t vb

I

Table 5. Regression analysis of runoff and rainfall frequency.

Analysis of Variance

Source Sun of Sqtrares DF Mean Square F-Ratio Pb

Regesssion 118.8 5 37.0 L7.7 0.000
Residual LL2.9 54 2.L
Percent Variance (R'?) 62.L'
Standard Error of Estinate 1.5

" Degrees <if freedoomb Probability that no relatlon exists between runbff and
rainfaltr frequency

' Runoff variation'explained by regression

D
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TabLe 5. Year of moderate to intense ENSO
(El Nino-Southern Oscillation; fron Andrade and Sellers, 1988)

and relation to rainfall frequency, L928-L985

I

Year

L929
19 30
1939
L94L
1953
L957
19s8
1-95s
L97 2
L973
L97 5
Le82
1-e8B

ENSO Intensity

Moderate
Moderate
Moderate
Intense

Moderate
Intense
Intense

Moderate
Intense
Intense

Moderate
Intense
Intense

Rainfall Frequency

Very High
Above Average

Average
Very High

Above Average
Above Avetage
Above Average

Average
Above Avetage

Very Low
Below Average
Above Average
Above Average

I
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